Predictive Models for Vasospasm
Much work has been done to elucidate factors that are predictive of cerebral vasospasm. The ability to predict vasospasm would be a powerful tool for the neurointensivist. Ideally, factors found to be associated with vasospasm could collectively constitute a model of prediction that would carry a sufficient positive and negative predictive capability to make it clinically useful. For those patients deemed to be at high risk, therapies could be instituted earlier and more aggressively; those who are thought to be at low risk could avoid the significant potential complications and costs associated with vasospasm treatment. 67 The most useful predictors are those that can be easily and consistently measured and obtained shortly after the patient presents for treatment and that stratify the outcome of interest (that is, vasospasm) to the greatest degree. In essence, application of these predictors would enable the clinician to provide cost-effective, evidence-based patient care.
Variables predictive of vasospasm can be categorized as modifiable or nonmodifiable. The nonmodifiable variables that have been investigated include patient age, 8, 43, 58 race, 51 site of the aneurysm, 57 preexisting hypertension, 46 cocaine or cigarette use, 10, 44, 72 neurological grade, 8, 46, 57, 58 genetically predetermined composition of certain proteins, 4, 36 and the amount of hemorrhage on CT scans. Potentially modifiable factors include treatment type, 12, 29, 56, 59 velocity of blood flow measured with TCD ultrasonography, 21, 47, 53 serum markers (leukocytosis, 49 hyperglycemia, 8, 42 thrombocytopenia, 26 antiphospholipid antibodies, 28 complements, 35 and others 48, 69 ), and CSF markers (for example, lipid peroxides 30 ). Among the factors that might be included in a model of prediction, the characteristics of SAH on the initial CT scan obtained shortly after the ictal event have been shown consistently to be one of the most, if not the most, powerful predictors of cerebral vasospasm. 23 We review the literature on the use of CT scanning to assess aneurysmal SAH and consider how grading schemes have evolved over the last 30 years, from initial descriptions in the late 1970s to the volumetric and clearance models of today. We also compare the different scales by calculating their specificity, sensitivity, and the PPV and NPV, when applicable.
The 1970s and 1980s
The relationship between cerebral vasospasm and a high density of blood in the basal subarachnoid cisterns on the initial CT scan was first described by Takemae, et al., 70 in 1978. This was followed by a more in-depth analysis 2 years later in the English literature, 50 in which CT scans were obtained in 177 patients within 3 weeks of their SAH (scans were obtained in 111 patients within the first 4 days). The presence of a high density of blood observed in the basal cisterns (basal frontal interhemispheric fissure, sylvian stem, and sylvian cistern), frontal interhemispheric fissure, insular cistern, parenchyma, and ventricles was recorded. Rates for cerebral vasospasm, as confirmed by angiography, were as follows if a high-density clot was detected on CT scans post-SAH: 84.6% of cases on scans made within the first 4 days, 75% of cases on Days 5 to 7, and 86.7% after Day 7. In eight cases in which no high density was detected within 4 days of the hemorrhage, no vasospasm occurred. Thus, the presence of high density of blood on CT scans obtained within 4 days had excellent sensitivity and NPV, but the study population still contained false-positive cases (Table 1) . Other authors subsequently supported this association between high density of blood and vasospasm. 3, 54 Although the authors of these early papers analyzed the presence of SAH within certain intracranial compartments, they did not attempt to quantify the amount of hemorrhage.
One of the first attempts to provide a more detailed description of the degree of SAH was made by Davis, et al., 11 in 1980. In their study, CT scans obtained in 50 patients within 4 days of the hemorrhage were classified according to a four-point scale ( Table 2 ). The authors found that of the 22 patients in whom severe vasospasm developed, 14 (64%) had a Grade 3 or 4 scan, and of the 24 patients with no or mild spasm, 19 (79%) had a Grade 1 or 2 scan. The primary limitation of this classification was that it did not allow distinctions to be made between large and small collections of blood in a specific subarachnoid compartment.
With few exceptions, 22 authors in the 1980s continued to support the theory that there is a positive correlation between the amount of cisternal SAH and the development of vasospasm. Mohsen, et al., 52 created three categories to describe hyperdensity consistent with hemorrhage detected on the CT scan (Table 3) . They found that of those with the thickest amount of hemorrhage, so-called Hyperdense Grade III, in 62.5% delayed cerebral ischemia developed, and 39.6% had a poor outcome. No patient in the group with Hyperdense Grade I hemorrhages experienced ischemia and 33% of those in Group II did. Nevertheless, the presence of a Hyperdense Grade III hemorrhage on CT scans has poor positive and negative predictive capabilities (Table 1) . Pickard, et al., 55 also used the 2-mm cutoff in grading their scans for their multicenter randomized trial of oral nimodipine. Knuckey and colleagues 39 divided the admission CT scans of 46 consecutive patients into the following four categories: 1, no subarachnoid blood; 2, blood localized to one cistern; 3, blood localized to two unilateral cisterns; and 4, diffuse subarachnoid blood. Clinical vasospasm developed in 0, 37, 20, and 64% of patients in these four categories, respectively. When the authors collapsed the four categories into two (Group I comprised patients from the first three categories and Group II were those with diffuse subarachnoid blood), they found that this dichotomization resulted in a good specificity of 87%, but a sensitivity of 47% (Table 1) .
Arguably, the most well-known analysis of the relationship between the location and amount of subarachnoid blood and the development of vasospasm was performed by Fisher, et al. 15 In 1980, these authors published a retrospective study in which they found a high correlation (23 of 24 patients) between severe radiographically (graded according to the scale in Fisher, et al. 16 ) and clinically confirmed vasospasm and the presence of subarachnoid clots greater than 5 ϫ 3 mm in diameter in cisterns and fissures in the horizontal plane, or clots greater than 1 mm thick in the vertical plane. 18 No clinical vasospasm occurred in the 23 patients in whom either no or diffuse SAH was present. Based on their study population, the presence of a Grade III SAH was associated with a PPV of 96% and an NPV of 91%. The authors followed this report with a prospective study involving 41 cases that confirmed their earlier results. 37 In this study, 20 of 22 patients with thick SAH suffered severe vasospasm, whereas 14 of 19 patients with no or diffuse blood, or blood outside the subarachnoid space, did not. The authors discussed each of the false positives (two) and false negatives (five) and argued that they could all be explained by limitations of the CT scans as the basis for estimating the extent and location of blood. The Fisher-Kistler grading scale quickly became and continues to be the most commonly used instrument for classification of admission head CT scans in patients with aneurysmal SAH (Table 4 ; see also Fraser, et al. 17 ). The main advantage of the Fisher-Kistler scale is its ease of use and apparently high predictive capability.
Nevertheless, this scale has come under criticism recently. Some authors have suggested that it cannot be used to distinguish easily between a Grade 2 and 3 hemorrhage.
2, 45 Kistler, et al., 37 commented on this so-called gray area, which they thought occurred most often when blood was present around the suprasellar, sylvian, or basal frontal interhemispheric frontal cisterns. Fujita 19 further argued that the Fisher classification was subjective and lacked quantitativeness. For example, in the randomized trial investigating nimodipine reported by Allen, et al., 2 the review committee had difficulty in applying the Fisher scale and concluded that this scale could not be reproduced and applied accurately to their scans. More recently, Smith, et al., 66 found that the Fisher grade poorly predicted clinical vasospasm in modern practice, where use of hypervolemic, hypertensive therapy and nimodipine has become standard.
We believe that the Fisher scale is incomplete in its description because it does not allow classification of patients with a Grade 3 SAH in the basal cisterns in addition to significant IVH or intraparenchymal hemorrhage, a scenario that is commonly seen in clinical practice. Because we thought that the presence of blood in the parenchyma-or, more importantly, in the ventricle-was an additional risk factor for the development of vasospasm, we created a simple modification of the Fisher scale by adding a "3 ϩ 4" category for patients with combined dense cisternal hemorrhage and an intraventricular or intraparenchymal clot greater than 5 ml. 38 In our study of lumbar CSF drainage, these patients had the highest risk of suffering symptomatic vasospasm. Without lumbar CSF drainage, symptomatic vasospasm rates in our modified grading scheme were 0% in patients whose condition was classified Grade 1, 3.6% in Grade 2, 40% in Grade 3, and 68% in Grade 3 + 4; with lumbar CSF drainage, vasospasm rates fell to 13% in Grade 3 and 35% in Grade 3 + 4 .
Several groups proposed an alternative means to quantify the extent of SAH by calculating the HN in various intracranial compartments. 19, 62, 68 Fujita 19 believed that the "strength of the local high density of the cerebral cistern would express the concentration of blood clot" and should serve as the basis for stratifying patients. In his case-controlled study of 36 patients, the HN of the high-density area was based on the mean value of 12 pixels. Multiple HN values in the basal cisterns were obtained and averaged. The pre-and postoperative averaged HN values in the patients with vasospasm were significantly higher than in those without it. The HN values in the patients without vasospasm were always 73 or less, whereas those in patients with vasospasm were always 68 or more. Based on this, a scale of increasing density from I to V was developed. Ultra-early surgery to remove blood from the cisterns as extensively as possible, concurrent with the treatment of the ruptured aneurysm, was recommended for any patient with a mean HN score of 68 or more (corresponding to Scores III-V on the density scale).
Because most investigators focused their attention on the qualitative and quantitative analysis of blood within the basal subarachnoid spaces, reports in which blood in other compartments was evaluated were slow to emerge. Davis and colleagues 11 found no relation between the presence of intraventricular and/or intraparenchymal hematomas and the presence of vasospasm in their 1980 paper. Using data collected from the International Cooperative Study on the Timing of Aneurysm Surgery, Adams, et al., 1 found a strong correlation between the amount of cisternal SAH, as graded using the Fisher scale, and vasospasm, but failed to demonstrate a similar correlation with IVH or ICH.
In 1988, Hijdra and colleagues 24, 25 were the first to demonstrate the importance of intraventricular blood. These authors used data acquired from a randomized controlled
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Predicting vasospasm by using computed tomography scanning 3 trial conducted to test the effect of the antifibrinolytic agent tranexamic acid in patients with SAH to study 176 patients prospectively for the development of numerous outcomes, including delayed cerebral ischemia. The amount of subarachnoid and intraventricular blood seen on CT scans was scored semiquantitatively as the sum of scores ranging from 0 to 3 for each of 10 cisterns (Table 5 ). An example of the grading scheme is shown in Fig. 1 . Hijdra and colleagues 24, 25 reported that delayed cerebral ischemia occurred in 57 patients (32%). Using a stepwise logistic regression model, the authors found that the most significant risk factor for the development of delayed cerebral ischemia was the amount of subarachnoid blood present on CT scans within 72 hours after aneurysm rupture; the next most important entry variable was the amount of intraventricular blood. The authors hypothesized that IVH could contribute to the risk that delayed cerebral ischemia could develop by causing ventricular dilation, which may further impair blood flow in patients with marginal vascular reserve as a result of vasospasm. Other potential causes cited by the authors were hyponatremia and a decrease in intravascular blood volume. Contrary to reports published earlier, 15 ,54 the authors did not find a relationship between the location of the subarachnoid blood on admission and the site of the delayed cerebral ischemic lesion. Although their scale was theoretically appealing and has been used by other authors, some have criticized it, claiming that it has limited interobserver reliability and is cumbersome to use in everyday clinical practice.
71

The 1990s and the New Millennium
Although researchers repeatedly demonstrated that the risk of symptomatic vasospasm is directly related to the quantity of initial cisternal SAH, 21 controversy over whether the presence of IVH predisposes a patient to vasospasm continued because some researchers found a correlation 9,25,46 and others did not. 1, 6, 18, 21 In 1993, Brouwers, et al., 6 using the Hijdra grading scheme for SAH and IVH, found that a sum score of cisternal blood above the median value was significantly related to ischemia, infarction, and poor outcome. The presence of intraventricular blood or an intracerebral hematoma was related to poor outcome † Ten cisterns are analyzed: frontal interhemispheric (one); lateral sylvian fissure, medial sylvian fissure, suprasellar, and ambient (two each); and quadrigeminal (one). Therefore, the total amount of subarachnoid blood ranges from 0 to 30 points on the scale.
‡ The four ventricles are analyzed. Therefore, the total amount of blood within the four ventricles ranges from 0 to 12 points on the scale. Table 5 for explanation of numbers used in the grading system). Reprinted with permission from Hijdra A, Brouwers PJ, Vermeulen M: Grading the amount of blood on computed tomograms after subarachnoid hemorrhage. Stroke 21:1156-1161, 1990.
but not to infarction (clinically apparent vasospasm was not specifically measured). Qureshi, et al., 57 also found that the presence of intraventricular blood was not independently associated with symptomatic vasospasm in a multivariate analysis.
Claassen, et al., 9 used the method described by Hijdra, et al., 25 to study 276 consecutively admitted patients. They also calculated the volume of an intraparenchymal hemorrhage by using the ABC/2 method. 41 Based on a multivariate logistic regression model in which CT scans and clinical variables were used, the authors found four independent predictors of delayed cerebral ischemia: mean arterial pressure greater than 112 mm Hg, IVH in both lateral ventricles, mean blood flow velocities greater than 140 cm/sec on TCD ultrasonography studies obtained within 5 days of SAH, and thick SAH in any cistern or fissure. Of these predictors, IVH was the strongest and was associated with a threefold increase in the risk of delayed cerebral ischemia. Similar results were obtained in a repeated analysis in which infarction attributable to vasospasm was used as the dependent variable. Although intraparenchymal hemorrhage was predictive of infarction in the study, this relationship was not significant when both CT and clinical variables were considered. The authors constructed a new CT rating scale for SAH by combining variables that were equivalently predictive of both delayed cerebral ischemia and infarction in the combined CT logistic models, and that were reasonable to apply to a clinical scale (Table 6 ). This new CT scale was compared with the Fisher scale for differentiation between different levels of risk for delayed cerebral ischemia and infarction, and was found to be superior.
Using the largest known database of more than 3000 patients with aneurysmal SAH who participated in one of four prospective randomized trials of tirilazad, Macdonald, et al., 46 elucidated factors associated with vasospasm. The SAH on the admission CT scan was classified, based on the maximal amount of blood, as none, diffuse thin or thick, or localized thin or thick, and IVH and ICH were recorded as present or absent. Of the 3567 patients, thick SAH was observed on the admission CT scan in 66%, IVH was present in 45%, ICH was present in 23%, and vasospasm developed in 30%. For all patients, significant predictors of vasospasm were as follows: age (peak incidence among patients 40-59 years old); history of hypertension; neurological grade; cisternal blood clot thickness; aneurysm size; presence of IVH; and prophylactically induced hypertension, but not presence of ICH.
We do not believe that IVH contributes to the risk that vasospasm may develop because of ventricular dilation as set forth by Hijdra, et al., 25 because all of the patients in our study who had significant IVH underwent placement of an external ventricular drain. 38 We believe the increased risk is due to a higher load of spasmogens in the CSF and to stagnation of CSF (attributable to the use of an external ventricular drain, which impedes the natural intracranial circulation of CSF). The patients in the 3 ϩ 4 group that we have described predominantly had IVH with SAH, and cases of pure ICH with SAH were rare. We thus believe that the excess risk in the 3 ϩ 4 Group is due to IVH. Patients with pure ICH or IVH with scant SAH had a low risk of vasospasm.
Despite overwhelming evidence, investigators continued to debate the importance of SAH seen on the initial CT scan. In a case-controlled design, Schaller, et al., 63 evaluated the risk of vasospasm developing, as detected on TCD ultrasonography studies, in relation to the amount of subarachnoid blood observed. They chose a scale that had been used by others, 20 in which Grade I is characterized by a thin and localized layer of subarachnoid blood; Grade II has thick layer in two of three subarachnoid compartments or in one subarachnoid compartment and the cortical surface; and Grade III is a severe diffuse SAH involving all subarachnoid compartments, or two of three plus the cortical surface. Schaller, et al., found no correlation between the grade of the subarachnoid blood and the degree of vasospasm, and incorrectly concluded that "the initial CT scan should no longer be used as the indicator for occurrence and severity of the multifactorial entity vasospasm." They did not differentiate between radiographically and clinically apparent vasospasm, and their definition of "severe vasospasm" as a mean blood flow velocity of greater than 160 cm/second on TCD ultrasonography studies had poor specificity. A similar investigation was performed by Grosset, et al., 21 in which, contrary to the previous study, the authors did find that the proportion of patients in whom DINDs developed was higher with increasing amounts of subarachnoid blood.
More accurate quantification of cisternal SAH required the development of new computer software. These computer-based techniques have the potential advantage of objective and precise quantification of cisternal hemorrhage volume. In 1994, Broderick and colleagues 5 analyzed digitized CT scans to measure the volume of subarachnoid blood in patients with aneurysmal SAH. The mean volume of SAH was 21 ml, and the authors found that SAH volume served as a powerful predictor of mortality rates. These authors, however, did not study the relationship of SAH to vasospasm. In 2002, Friedman, et al., 18 analyzed the CT scans of 40 patients within 72 hours of the ictus by using a quantification technique developed at their institution. Hemorrhage volumes were quantified for the interhemispheric, left and right suprasellar cisterns, left and right ambient cisterns, left and right basal sylvian fissures, left and right lateral sylvian fissures (insular cistern), quadrigeminal cistern, and prepontine cistern. Volumes were also calculated for intraparenchymal hemorrhages and hemorrhages within the left and right lateral, third, and fourth ventricles. Interestingly, in their patient population, few had either intraparenchymal hemorrhages or IVHs, and thus both were recorded as either present or
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Predicting vasospasm by using computed tomography scanning 5 absent. As expected, the authors found a strong linear correlation between the volume of cisternal blood and the development of DINDs. All 13 patients with total cisternal or total overall hemorrhage volumes greater than 20 ml suffered moderate or severe DINDs. With cisternal hemorrhage volumes less than 20 ml, 15 of 27 patients still experienced DINDs. Therefore, the value 20 ml carries a 100% specificity and PPV, but a low sensitivity and NPV ( Table 1 ). The presence of IVH or ICH was not associated with DINDs, although this was probably because of the low frequency of occurrence in the study population.
In the most recent contributions to the development of a model, researchers have investigated the clearance of blood as a possible predictor of vasospasm. It would stand to reason that blood that is not mobilized and washed away early after the ictal event would predispose the patient to development of vasospasm. Researchers have tried to enhance clot clearance actively with mechanical options, 34 cisternal drainage, 33 and intracisternal administration of fibrinolytic agents, 14 and passively with the use of a lumbar drain. 38 Several Japanese researchers found that vasospasm did not develop in cases in which the HN values fell rapidly in 4 to 5 days. 40, 68 Also, those patients in whom vasospasm did develop did not have a reduction of their HN values to less than 60 even several days later. Fisher, et al., 15 observed rather quick reversal of vasospasm in three of their patients. They speculated that this occurred because of prompt restoration of a relatively unobstructed flow of CSF that carried away the spasmogenic agent, and that "delayed reversal would represent the opposite-persistence of a subarachnoid clot, continued activity of the [spasmogenic] agent, and lingering vasospasm."
One of the first papers in which researchers looked specifically at the clearance of cisternal SAH was written by Brouwers, et al. 7 Cerebral infarction, used as a surrogate indicator of vasospasm, was found to be related to the total amount but not to the distribution or clearance rate of extravasated subarachnoid blood. These findings were contradicted by Hirashima and colleagues 27 in their 1995 paper. They studied 69 patients and graded their CT scans according to the method described by Hijdra, et al. Of their patients, 24 (35%) suffered infarctions. The total score of subarachnoid blood on admission and postoperatively was higher and the clearance rate was lower in patients with cerebral infarction than in those without, and the predominant site of subarachnoid blood corresponded with the site of the infarct. The presence of an intracerebral hematoma and ventricular blood were not related to the development of vasospasm-induced infarction. Most recently, Reilly, et al., 60 found that the initial clot volume and percentage of clot cleared per day were significant predictors of vasospasm in their cohort of 75 patients, whereas the Fisher grade and initial clot density were not.
Conclusions
Since the first description of aneurysmal SAH on CT scans in the late 1970s, the amount of blood has been positively correlated with the risk of developing symptomatic vasospasm and vasospasm-induced cerebral infarction. Many scales have been proposed to grade the amount of cisternal subarachnoid blood in the hopes of more accurately determining which patients are at highest risk. The most well-known scale that continues to be used is the one created by Fisher, et al.; however, other more elaborate and comprehensive scales, such as the one proposed by Hijdra, et al., have been published. The majority of current evidence seems to support the suggestion that the presence of significant IVH is also a risk factor for vasospasm; intracerebral hematomas, on the other hand, have consistently been shown not to be a risk factor.
Most recently, commercially available software packages have enabled a more accurate quantification of hemorrhage volume and clearance rate, and these factors have been shown to be predictors of vasospasm. Clearly, the risk of vasospasm can be more accurately stratified using other classification schemes than the widely used Fisher scale. In studies of interventions to prevent vasospasm, it is critical that an appropriate risk stratification scheme be used to balance the assignment of patients between treatment and control groups to prevent bias. The findings on CT scans are but one of many known and unknown factors that contribute to the individual's risk that vasospasm and its sequela, infarction, will develop. Future research should be directed to the creation of multifactorial predictive models that incorporate not only CT data, but also other modifiable and nonmodifiable clinical factors in the hopes of determining with the greatest accuracy which patients will suffer vasospasm. This would save low-risk patients from unnecessary procedures and risks and allow initiation of early, aggressive treatment for high-risk patients. [21] [22] [23] [24] [25] [26] [27] 2006) . Their modified scale criteria were as follows: Grade 0, no SAH or IVH; Grade 1, focal or diffuse thin SAH with no IVH; Grade 2, focal or diffuse thin SAH with IVH; Grade 3, focal or diffuse thick SAH with no IVH; and Grade 4, focal or diffuse thick SAH with IVH. This modification of the Fisher scale showed a stronger association of CT findings with symptomatic vasospasm than the original scale. When their modified scale was placed in a multivariate model along with other factors found to be predictors on univariate analysis (early angiographic vasospasm, mean arterial pressure Ն 112 mm Hg, history of hypertension, and poor neurological grade), it remained a significant and independent predictor of symptomatic vasospasm, whereas the original Fisher scale did not. The paper by Frontera, et al., thus provides additional evidence that IVH, in combination with SAH, contributes significantly to the risk of developing vasospasm.
Note Added in Proof
